Introduction doi:10.2755/jcmm010.004.02 lular conditions or extracellular environment [2] . An overaccumulation of the polyamines induces apoptosis and cell transformation and their depletion inhibits cell proliferation and migration [3] . The rate-controlling enzymes in polyamine biosynthesis are ornithine decarboxylase (ODC, EC 4.1.1.17) and S-adenosylmethionine decarboxylase (AdoMetDC, EC 4.1.1.50) [4] , whereas the catabolic enzymes spermidine/spermine N 1 -acetyltransferase (SSAT, EC 2.3.1.57) [5] and polyamine oxidase (PAO, EC 1.5.3.11) [6] promote the interconversion of higher polyamines. SSAT catalyses the acetylation of spermine and spermidine in the N1-position and these acetylated forms can be backconverted to spermidine and putrescine, respectively, by the successive activity of PAO. Recently, an alternative route for spermine degradation has been discovered. The cytosolic spermine oxidase (SMO/PAOh1, EC 1.5.3.3) selectively oxidizes spermine without a prior acetylation producing spermidine, H 2 O 2 and 3-aminopropanal [7] [8] [9] [10] . Accordingly, SSAT is not required for the backconversion of spermine as was also indicated by our results with SSAT deficient mouse embryonic stem (ES) cells [11] . Abnormally controlled polyamine metabolism is involved in several pathological processes. Initially, cancer chemotherapy was exclusively focused on the inhibition of polyamine biosynthesis and depletion of intracellular polyamines. Later on, the possibilities to modulate the catabolism for a therapeutic use have been explored [5] . A number of polyamine analogues have been identified to downregulate polyamine synthesis and massively induce SSAT, which is normally present in small amounts. The induction of SSAT leads to the depletion of the higher polyamines and accumulation of analogues, which do not support the cell growth. N 1 , N 11 -diethylnorspermine (DENSPM), one of the most potent inducers of the SSAT, is undergoing clinical trials as an experimental anticancer agent [12] . DENSPM is able to elicit a profound apoptotic response in certain cell types [13, 14] and it effectively inhibits the growth of several tumors in animal models [15] . A role for polyamine catabolism in energy metabolism has been suggested by our studies with transgenic mice overexpressing SSAT [16] . These mice showed metabolic phenotype opposite to that observed in patients with type 2 diabetes (T2D). One of the characteristic features of T2D is insulin resistance i.e. impaired glucose transport into muscle and fat cells and impaired insulin secretion [17] . In SSAT transgenic mice, the amount of white adipose tissue (WAT) was greatly reduced, glucose tolerance and insulin sensitivity were improved and basal metabolic rate and mitochondrial biogenesis were enhanced [16] . The results obtained with SSAT-deficient embryonic stem cells are now largely confirmed with SSAT genedisrupted mouse line. The SSAT knockout (SSAT-KO) mice are viable, fertile and phenotypically indistinguishable from the syngenic mice. They were able to maintain their polyamine homeostasis to large extent. Contrary to SSAT-KO ES cells, SSAT-KO mice were more sensitive to the toxicity exerted by DENSPM but resistant towards DENSPM treatment associated polyamine pool depletion. However, both the syngenic and SSAT-KO mice responded to carbon tetrachloride treatment by a depletion of liver polyamine pools. There was no difference in lifespan between SSAT-deficient and wildtype (WT) mice but upon aging the SSAT-KO showed signs of insulin resistance. The latter findings together with the results obtained with SSAT overexpressing mice imply that polyamine catabolism may have a novel role in energy and glucose metabolism.
Material and methods

Generation of SSAT knockout mice
Mouse spermidine/spermine N 1 -acetyltransferase gene was isolated from 129/SvJ mouse genomic library (Stratagene Inc., La Jolla, CA) and targeted to mouse embryonic stem cell line RW4 as described earlier [11] . To generate chimeric mice, C57BL/6J blastocysts injected with SSAT-KO ES cell clones were implanted into pseudopregnant mice. Altogether three chimeric females and one chimeric male were born. The chimeric male passed the mutant allele to his female offspring and after mating (SSAT-/SSAT+) female mice with wildtype males, male mice carrying SSAT null allele (SSAT-/Y) were born. The SSAT genedisrupted offspring were identified by tail biopsies using same PCR oligonucleotides and Southern blot probes as described previously [11] . The male SSATdeficient mouse was backcrossed in C57BL/6J mouse strain to dilute the 129/SvJ genetic background originated from RW-4 embryonic stem cells. Age and sex-matched C57BL/6J mice, or wildtype littermates obtained from matings, were used as controls. All animals were kept at the National Laboratory Animal Center of the University of Kuopio on a 12h day/night cycle and were fed normal rodent chow (R3, Lactamin AB, Stockholm). All experimental protocols were approved by the by the Animal Care and Use Committee of the University of Kuopio, Finland.
Determination of polyamines and SSAT activity
For the determination of polyamine concentrations and SSAT activity, the tissues were homogenized in lysis buffer (25 mM Tris·HCl pH 7.4, 1 mM dithiothreitol and 0.1 mM EDTA). Polyamines and their acetylated derivates were measured from tissue homogenates with the aid of high-performance liquid chromatography [18] . The concentration of DENSPM was also determined by HPLC according to Porter et al. [19] . SSAT activity was measured from centrifuged homogenates [15] .
Histology
Tissues were fixed in 10% buffered formalin overnight at room temperature, processed, and embedded in paraffin using standard procedures. Fourmicrometer thick sections were prepared and stained with haematoxylin and eosine.
Metabolic assays, glucose and insulin tolerance tests
Blood metabolites were determined from 10-week-old and 52-week-old SSAT-KO and WT male mice after 16 h fasting. Plasma glucose was measured microfluorometrically as described [20] . Plasma triglyceride and cholesterol levels were assayed using Microlab 200 analyzer (Merck, Germany) and triglycerides kit or cholesterol kit (Diasys diagnostic Systems GmbH, Germany). For the glucose tolerance test (GTT), mice were fasted for 16 h and blood samples were collected from a tail vein (fasting/ 0 min sample in GTT). Then 2 mg/g D(+)-glucose (BDH, England) was intraperitoneally injected, followed by blood sampling at 15, 30, 60, 90, and 120 min after the injection. For insulin tolerance test (ITT), 0.25 mU/g insulin (Actrapid, Novo Nordic, Denmark) was administered after 12-h fasting and blood samples were collected at time points 0, 20, 40, and 80 min. Plasma glucose levels were measured as described above and plasma insulin levels were determined using a rat insulin ELISA kit (Crystal Chem Inc, USA) with mouse insulin as standards. The tolerance tests were performed without anesthesia and the animals were 16-month-old male mice.
Chemicals
The N 1 , N 11 -diethylnorspermine was essentially synthesized as described [21] . The drug was dissolved in saline and administered intraperitoneally.
Statistical analysis
For statistical analyses the two-tailed Student's t test was used when applicable. Insulin levels were logarithmically transformed for statistical analyses. Two-way ANOVA was used for multiple comparisons.
Results
Targeting of embryonic stem cells and generation of SSATdeficient mice
A targeting vector, in which the neo gene cassette was inserted into the exon 1 of the SSAT gene, was used to inactivate the spermidine/spermine N 1 -acetyltransferase gene in mice. The targeting vector was electroporated into RW-4 embryonic stem cells and three of the seven clones appeared to be correctly targeted and contained no additional integration sites based on PCR and Southern blot analyses [11] . ES cells from clone 5 were used in blastocyst injections and a total of four chimeric mice were born, three females and one male. The chimeric male gave germ line transmission to his female offspring and after mating (SSAT-/SSAT+) female mice with wild-type males, the male mice carrying SSAT null allele (SSAT-/Y) were born alive at an expected frequency of 25%. The offspring were screened for the presence of the disrupted SSAT gene by PCR and Southern blot analyses (data not shown). The male SSATdeficient mouse was backcrossed in C57BL/6J mouse strain. Null mice appeared to be viable, healthy, fertile and phenotypically indistinguishable from the wild-type and heterozygous (female) littermates.
Effect of CCl4 treatment to liver polyamine pools
Inducible SSAT was initially characterized from CCl 4 treated rats, in which liver spermidine and spermine pools depleted while putrescine accumulated and N 1 -acetylspermidine was detected in response to the treatment [22, 23] . Therefore, polyamine homeostasis was studied in mice treated with CCl 4 (0.1 ml/kg i.p. 1 % w/v in corn oil) 24 h prior to polyamine pool analysis. SSAT activity was increased in livers of WT mice whereas in SSAT-KO mice the activity remained at low basal level. As a result of SSAT induction, WT mice showed markedly elevated putrescine and acetylated spermidine pools. Surprisingly, the hepatic spermidine and spermine pools decreased similarly in both SSATdeficient and wildtype mice ( Table 1) .
Effect of multiple doses of DENSPM to the tissue polyamine pools and survival of wildtype and SSAT-KO mice
DENSPM is one of the most efficient inducers of SSAT. It is known to deplete higher polyamine pools by inducing SSAT and by down regulating the both key enzymes of polyamine biosynthesis, ODC and AdoMetDC [12, 24] . Therefore, SSAT-KO and WT mice were subjected to a 3-day DEN-SPM treatment (125 mg/kg i.p. daily) to verify the absence of inducible SSAT enzyme activity in knockout animals as well as to study the effects of the analogue on the tissue polyamine pools. Significantly increased SSAT activity was detected in all tissues of drugtreated wild-type mice while the enzyme activity remained at basal level in SSAT-deficient animals. The treatment significantly reduced tissue spermidine and spermine pools and enhanced putrescine accumulation in wildtype mice while no such changes were seen in knockout animals ( Table 2 ). The drug accumulated similarly in both the WT and SSAT-KO mice. However, amongst the studied tissues pancreas was most resistant to DENSPM treatment, due to low accumulation of the drug into that organ. Activated polyamine catabolism has been shown to enhance the sensitivity of SSAT transgenic mice to the toxicity exerted by DENSPM as the transgenic animals died about three days earlier than their syngenic littermates [25] . Thus, the hypothesis was that animals lacking the inducible SSAT enzyme would be more resistant to DENSPM-induced toxicity. Based on the previous studies with the SSAT overexpressing mice, a DENSPM-survival experiment was designed to last ten days with daily injections of 125 mg/kg i.p. of the polyamine analogue [25] . Surprisingly, on the fourth day of the experiment (after three injections of DENSPM) two of the thirteen SSAT-KO animals had died while all ten wildtype mice tolerated the drug without overt signs of toxicity. All the knockout mice had died by day 8 (median = 5). In WT group, the first animal died on the fifth day and on the last day of the experiment four animals were still alive and were then sacrificed (median = 8) (Fig. 1) . Statistical analysis showed highly significant difference in the survival between the genotypes (p<0.001). The cause of higher mortality of SSAT-KO animals in response to DENSPM treatment remained obscure.
Polyamine pools, SSAT activity and longterm aging in wild-type and SSAT knockout mice
SSAT knockout and wild-type mice were subjected to a long-term follow-up study in order to study the lifespan and polyamine metabolism upon aging. Tissue spermine levels were found to be practically unaltered in 4-and 12-month-old SSAT-KO mice except in livers of younger mice where spermine was reduced by appr. 12 % as compared with syngenic littermates (Table 3A) . Decreased spermine pool was found in liver, kidney and brain of the 24-month-old SSAT-KO females. Significantly enhanced accumulation of spermidine was seen in the young and the oldest SSAT-KO mice liver, kidney and spleen (Table 3A, C) . A similar trend, constantly elevated (about 30%) spermidine level was also seen earlier in the SSAT-KO ES cells [11] . The elevated spermidine levels in the knockout mice led to a higher spermidine/spermine ratio in every analyzed tissue except in pancreas in all three age groups (Table 3A , C). Putrescine levels in spleens of SSAT-KO mice were significantly decreased at different ages. In kidney, putrescine concentration was also significantly reduced in older SSAT-KO mice whereas in pancreas, liver and brain only minor alterations in putrescine levels were observed (Table 3B , C). The longterm aging study was terminated after 24 months and the remaining animals were sacrificed. Histological analysis of tissues revealed changes in kidneys of aged knockout animals: dilations of Bowman's space with atrophy of glomeruli and associated cells, dilations of tubules of inner medulla, inflammation and necrosis of renal papillae and inflammation of surrounding fat. The above mentioned changes were scored minimal or absent in the wildtype mice (data not shown, n = 4 in both groups).
Characterization of metabolic parameters of SSAT-KO mice
As our earlier studies with SSAT overexpressing mice have shown reduced fat mass and high insulin sensitivity (unpublished), the biochemical parameters like glucose, triglycerides and cholesterol were screened regularly from SSAT-KO mice. There were no changes in body weights and epididymal fat pads (data not shown) between genotypes during aging. In addition, the food intake (WT 5-month-old 4.0 ± 0.3 vs. SSAT-KO 5-month-old 3.7 ± 0.3 g/day/mouse, WT 14-month-old 4.3 ± 0.2 vs. SSAT-KO 14-monthold 4.4 ± 0.5 g/day/mouse) and water intake (WT 5-month-old 5.4 ± 0.6 vs. SSAT-KO 5-month-old 5.4 ± 1.6 g/day/mouse, WT 14-month-old 4.6 ± 0.9 vs. SSAT-KO 14-month-old 4.7 ± 0.5 g/day/mouse) were also similar in both groups. The triglycerides and cholesterol levels revealed no differences between SSAT-KO and WT mice but elevated plasma glucose levels in SSAT-KO males were detected onwards 12 months (Table 4) . In order to further study the glucose metabolism and to determine whether older SSAT-KO males were more insulin resistant or diabetic than the controls, glucose and insulin tolerance tests were carried out. In glucose tolerance test (GTT), mice were intraperitoneally injected with 2 mg/g of glucose. Plasma glucose levels were measured at 0, 15, 30, 60, 90 and 120 min and insulin levels at 0, 15 and 120 min after glucose administration. After 16 h fasting (0 min), SSAT-KO mice showed significantly increased (p<0.05) plasma glucose levels as compared with syngenic littermates ( Fig. 2A) . The other time points showed no differences in glucose levels between the groups. The insulin levels in glucose tolerance test were, however, significantly elevated in null mice at every time point indicating compensatorily increased insulin secretion and insulin resistance (p<0.05 -<0.01). The insulin tolerance test (ITT) was performed after 12h fasting using 0.25 mU/g insulin. out mice were more insulin resistant than wild-type mice as their plasma glucose levels were elevated at all time points (Fig. 2B ).
Discussion
The function of a certain gene can be studied by overexpressing or by knocking out the gene and studying the following metabolic consequences. For studying the consequences of SSAT-silencing in polyamine metabolism and especially in DENSPM evoked cellular events in vitro, antisense oligomers, RNA interference and forced mutation pressure have been used [11, [26] [27] [28] . We used homologous recombination technique in the generation of SSATdeficient embryonic stem cells [11] , which were subsequently used to generate SSAT knockout mice. The actual role of SSAT in polyamine catabolism has not been studied earlier in vivo due to the lack of specific inhibitors. Contrary to the disruption of other polyamine metabolismrelated genes [29, 30] , SSAT-KO mice were viable, fertile and did not display overt phenotypical abnormalities. The knockout gene was inherited in a Mendelian fashion. The absence of the functional SSAT gene in knockout mice was confirmed both by PCR and by Southern blot analysis. Furthermore, DENSPM-and CCl 4 -treatments were used to study the role of inducible SSAT for polyamine metabolism. SSAT activity remained at basal level in tissues of DEN-SPM-treated knockout animals whereas significantly enhanced enzyme activity and thus decreased higher polyamine levels and accumulation of putrescine were detected in wild-type mice. Similarly, SSAT activity was increased only in CCl 4 -treated WT mice leading to increased levels of N 1 -acetylated spermidine and putrescine in the liver. The small amount of N 1 -acetylspermidine also in SSAT-KO mice may indicate the presence of acetylases other than SSAT. It has been shown earlier that inducible SSAT represents only some portion of the measured N1AcSpd activity under basal condition [31] . SSAT was initially characterized from CCl 4 -treated rat livers and caused appearance of N1AcSpd and depletion of higher polyamines in conjunction with putrescine accumulation [22, 23] . Unexpectedly, liver spermine and spermidine pools decreased similarly in both mice lines in response to CCl 4 . Thus, it seems that inducible SSAT have no distinct role in depletion of spermidine and spermine in mice liver in response to CCl 4 -treatment. Evidently, the role of SSAT-induction in liver damage is an interesting subject of further study. Previous studies with cells have clearly proven essential role of the inducible SSAT in DENSPM sensitivity in vitro and our data with SSAT transgenic mice has further strengthen that view in vivo [11, 25, 26, 28, 32] . Unexpected sensitivity of SSAT-KO mice to the toxicity exerted by DENSPM excludes the possibility that inducible SSAT together with polyamine pool depletion plays an essential role in vivo in sensitizing the animals to the drug. The reason for increased mortality remains obscured as the histological examination did not reveal any organ (liver, spleen, kidney and pancreas) toxicities (data not shown). The DENSPMsurvival experiment was carried out with a daily injections of 125mg/kg i.p. dosage that has not exerted mortality in some studies but proved to be toxic for SSAT transgenic mice UKU165b and for their syngenic littermates [15, 25, [33] [34] [35] . Thus, there are some differences between separate mouse strains in sensitivity to DENSPM. In our case, the experimental setup was identical between distinct experiments although the SSAT-KO and SSAT transgenic mice lines were not of the same genetic background. However, the survival curves of both experiments showed that first deaths appeared on day 4 and on day 5 most of the animals died. Moreover, according to the original hypothesis and the published data from SSAT-deficient ES-cells, SSAT-KO mice should have been more resistant to DENSPM than their WT littermates. It seems that inducible SSAT may play a controversial role in the toxicity exerted by DENSPM in vivo. At the moment most likely explanation is related to intracellular accumulation of DENSPM that was greatly enhanced in SSAT overexpressing mice when compared to their syngenic littermates. Simultaneously natural polyamine pools almost disappeared in SSAT overexpressing mice. On the contrary, in SSAT-KO mice intracellular DENSPM concentrations were similar with their WT littermates but natural polyamine pools remained almost unchanged in response to analogue which may cause the observed toxicity. This view is further supported from the data obtained with SSAT-KO ES cells in which DENSPM accumulated and polyamine pools depleted similarly as in control cells but targeted cells proved to be more resistant against this analogue. The tissue polyamine pools remained almost similar during aging in wildtype and knockout mice except of moderately elevated spermidine levels in several tissues of SSAT-KO mice. Increased Spd/Spm ratio reflected therefore the importance of SSAT in spermidine back-conversion. Our previous studies with SSAT [25] and double transgenic (MTODC/MTSSAT) [36] mice lines indicated that accelerated polyamine catabolism reduced lifespan at least by 50 %. The lack of SSAT did not affect the life expectancy of the animals. Type 2 diabetes and related conditions, such as obesity and insulin resistance, are serious public health risks. T2D results from impaired insulin secretion from pancreatic β-cells or insulin resistance of peripheral tissues or both. Although tremendous research efforts have been focused on the pathogenesis of this disease, the underlying mechanisms remain only partly understood. There are several transgenic and knockout mouse models in diabetes research, which provide more sophisticated strategies in resolving the etiology of T2D at molecular level [37] . The SSAT overexpressing mice are metabolically opposite to the type 2 diabetic patients showing reduced amount of WAT, high basal metabolic rate, improved glucose tolerance, high insulin sensitivity, enhanced mitochondrial biogenesis and low accumulation of triglycerides in liver and skeletal muscle [16] . The phenotypical characterization of SSATdeficient mice showed insulin resistance at older age without obesity or lipid abnormalities. In addition, the histology of old SSAT-KO mice revealed microscopic alterations in kidneys resembling the histopathological changes observed in diabetic nephropathy. Therefore, our SSAT knockout mouse line can provide new insights also in T2D research. However, further studies are required for the determination of mechanisms leading to the development of insulin resistance and diabetic nephropathy in SSAT-KO mice.
In conclusion, the characterization of SSAT genedisrupted mice not only revealed the somewhat confusing role of SSAT in maintaining polyamine homeostasis and as a mediator of DENSPM toxicity but also supported the notion that polyamine catabolism plays a role in glucose metabolism.
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Data are means ± S.D. where n(10-week-old) = 10-15 in both genotype and n(52-week-old) = 6-10 in both genotype. *p < 0.05 refers to the statistical significance of difference between SSAT knockout and wild-type mice.
